The whistles of Atlantic spotted dolphins have been studied in a few localities of the North Atlantic Ocean and those studies revealed that the species emits whistles within a broad frequency range, with a high number of inflection points and presence of harmonics. In the South Atlantic Ocean, there is no information about the sounds produced by Atlantic spotted dolphins. A total of 1092 whistles emitted by free-ranging Atlantic spotted dolphins in Southeastern Brazilian coastal waters were analyzed. Whistles recorded in this study had a broad frequency range from 1.15 to 23.44 kHz. Whistles without harmonics were frequently emitted ͑N = 701; 64.2%͒ and those signals with zero up to two inflection points corresponded to 94% of all whistles. Some differences in whistle characteristics ͑inflection points and duration͒ were found in relation to areas in North Atlantic Ocean and whistles were shorter and with a smaller number of inflection points in Brazil. Whistles produced by Atlantic spotted dolphins varied between the two behavioral states in which dolphins were engaged. Whistles were more frequently emitted when dolphins presented behaviors that included fast movement at surface, prey pursuit, aerial behavior, and physical contact. In these situations, whistles were on average longer and had higher frequency parameters than those emitted when animals were engaged in slowly and moderate traveling. The findings presented herewith reveal that dolphins modified whistle structures within behavioral states.
I. INTRODUCTION
Dolphins emit two broad categories of acoustic signals: pulsed and tonal sounds ͑Popper, 1980; Richardson et al., 1998͒. Whistles are narrow-band frequency modulated sounds used primarily for communication between individuals ͑Tyack, 1998͒. These signals have been the focus of several bioacoustic studies on delphinids due to the numerous easily measured characteristics presented by them. In addition, they have been used for characterization and comparisons among groups and populations ͑e.g., Rendell et al., 1999; Bazúa-Durán and Au, 2004; Azevedo and Van Sluys, 2005; May-Collado and Wartzok, 2009͒. Atlantic spotted dolphins ͑Stenella frontalis͒ are found in warm temperate to tropical waters in Atlantic Ocean ͑Jef-ferson et al., 2008͒. As most delphinids, this species is a highly vocal dolphin species that produces echolocation click trains, burst pulse sounds, and whistles related to behavioral activities ͑Perrin, 2002͒. Narrow-band signature whistles have been reported in Atlantic spotted dolphins both in captive ͑Caldwell et al., 1973͒ and in the wild ͑Herzing, 1996͒. The whistles of Atlantic spotted dolphins have been studied in a few localities of the North Atlantic Ocean, especially in Bahamas and Gulf of Mexico ͑e.g., Wang et al., 1995; Lammers et al., 2003; Baron et al., 2008͒ . Those studies revealed that Atlantic spotted dolphins emit whistles with a high number of inflection points, duration between 0.08 and 2.07 s, as well as with minimum and maximum frequency average values of 7 and 16 kHz, respectively.
The Atlantic spotted dolphin is the only member of the genus Stenella that is frequently observed close to shore in Brazil ͑Moreno et al., 2005͒. Group size is relatively small for Stenella species, being most of the times smaller than 50 individuals ͑Moreno et al., 2005͒. Despite being commonly observed, there is no information available about acoustic signals of the species in the area. In this study, we describe the whistle acoustic structure of free-ranging Atlantic spotted dolphins and provide insights on whistle geographical variations by comparing our results with previous studies.
II. METHODS
Acoustic recordings of underwater sounds produced by Atlantic spotted dolphins were made at Ilha Grande a͒ Author to whom correspondence should be addressed. Electronic mail: azevedo.alex@uerj.br Bay ͑23°05Ј -23°14Ј S; 44°05Ј -44°23Ј W͒, southeastern Brazil, ͑Fig. 1͒, during one day in April 2007, two days in October 2007, and one day in December 2008. All surveys were carried out under similar weather conditions ͑Beaufort sea states Յ2͒, in a small inboard-powered boat about 8 m in length. In the four encounters, Atlantic spotted dolphins were in groups of 40-50 animals and calves corresponded to about 10%-15%. Besides group size and composition, the four herds had the same characteristics with individuals moving together in apparent association, engaged in same activity and rarely split out in a large area ͑Table I͒. Two distinct behavioral states were observed and associated with the acoustic recordings: ͑a͒ low surface activity: dolphins engaged in slowly and moderate traveling and short distances between individuals ͑less than 10 m͒, but no physical contact was observed; ͑b͒ high surface activities: dolphins engaged in socializing and foraging/feeding behaviors with fast move at surface, prey pursuit, aerial behavior, and physical contact between dolphins.
Acoustic recordings were made with the engine turned off and were monitored by headphones. Whenever dolphin sounds became weak, we stopped recording and repositioned the boat. The recording system consisted of a High Tech Inc. hydrophone ͑model HTI-96-MIN, frequency response: 5 Hz to 30 kHzϮ 1.0 dB, Ϫ165 dB re 1 V / Pa͒ and a digital audio tape recorder Sony TCD-D8 with upper frequency limit of 24 kHz ͑sampling rate of 48 kHz͒. Whistles were defined as continuous, narrow-band sound emissions with or without harmonics ͑Popper, 1980͒. Whistles were analyzed using the RAVEN 1.1 program ͑Cornell Laboratory of Ornithology, New York͒ with a fast Fourier transform ͑FFT͒ size of 1024 points, an overlap of 50%, and using a 512 sample Hamming window.
The contour of each whistle was determined by visual analyses of the frequency modulation by at least two authors and was then categorized into the following broad classes: ascending ͑whistles rising in frequency and with no one inflection point͒, descending ͑whistles falling in frequency and with no one inflection point͒, ascending-descending ͑initial rising in frequency, one inflection point, and then falling in frequency͒, descending-ascending ͑initial falling in frequency, one inflection point, and then rising in frequency͒, constant ͑whistles which the frequency changes 1000 Hz or less during more than 90% of duration͒, and multi ͑more than one inflection point͒.
Nine acoustic parameters from fundamental component of each whistle were measured: starting frequency ͑SF͒, ending frequency ͑EF͒, minimum frequency ͑MinF͒, maximum frequency ͑MaxF͒, delta frequency ͑DF͒ ͓MaxF− MinF͔, duration ͑DUR͒, frequency at ͒ . Presence of harmonics and number of inflection points ͑defined as points where the whistle contour changed from ascending to descending or vice versa͒ were also determined. The frequency variables were measured in kilohertz and the duration in milliseconds. The mean frequency ͑MeF͒ was calculated as the average of SF, EF, MinF, and MaxF. These whistle parameters were chosen to be consistent with previous studies of Atlantic spotted dolphins ͑e.g., Wang et al., 1995; Lammers et al., 2003; Baron et al., 2008͒ and other dolphin species ͑e.g., Bazúa-Durán and Au, 2004; Azevedo and Van Sluys, 2005͒. Only whistles for which all parameters of a spectral contour were distinctly measurable were used.
The descriptive statistics for all measured variables includes the minimum values, maximum values, means, and standard deviations. The paired-sample t test ͑Zar, 1999͒ was applied to verify if the mean of the end frequency of all whistles analyzed was significantly different from the start frequency. The frequency of whistles in each category was compared between the two behavioral states using Chisquare test ͑P Ͻ 0.01͒ and Mann-Whitney test ͑P Ͻ 0.05͒ was applied to investigate variation in whistle variables between the two behavioral states.
III. RESULTS
A total of 1745 whistles were recorded over 279 min. Five whistles were not analyzed because they were "cut off" by the upper frequency limit of the recording system. Of that total ͑N = 1745͒, 1092 whistles had adequate signal quality for acoustical analyses. Pure tone whistles were the most frequent ones ͑N = 701; 64.2%͒ and whistles with up to 14 inflection points were found, but those with zero up to two inflection points corresponded to 94% of all whistles. Whistles categorized as ascending were the most common and corresponded to 47.0% of all whistles. Those with more than one inflection point represented 16.5% and descendingascending 15.5%. Ascending-descending ͑10.3%͒, descending ͑6.5%͒, and constant ͑4.2%͒ whistles were less frequent.
Examples of whistles emitted by Atlantic spotted dolphins are presented in Fig. 2 . There were significant differences for whistle contour distribution of the six categories between low and high activities, but ascending whistles were more frequently emitted in both behavioral states ͑X 2 = 41.9; df =5; P Ͻ 0.01; Fig. 3͒ . Whistle duration mean was 360.9Ϯ 293.2 ms and 97.6% of the whistles lasted less than 1 s. The average minimum frequency was 8.04Ϯ 2.51 kHz and maximum frequency averaged 13.58Ϯ 3.64 kHz. The mean of delta frequency was 6.25Ϯ 3.34 kHz. The average mean frequency was 10.81Ϯ 2.63 kHz and the whistles had MeFs ranging from 2.72 to 21.00 kHz. The end frequency ͑mean 12.76Ϯ 3.80 kHz͒ of the Atlantic spotted dolphin whistles was, on average, higher than the start frequency ͑mean 8.85Ϯ 3.21 kHz͒ ͑paired-sample t-test, t = 29.41, df= 1091, P Ͻ 0.01͒. Descriptive statistics of all measured whistle parameters are shown in Table II .
Comparisons of acoustic whistle parameters recorded during low and high activities found significant differences in most of whistle variables. Averages of duration, starting frequency, maximum frequency, delta frequency, mean frequency, frequency at 1 4 of duration, frequency at 1 2 of duration, frequency at 3 4 of duration, and number of inflections points of the whistles emitted during high activities were higher than those produced in low activities ͑Table II; MannWhitney test; P Ͻ 0.05͒. Additionally, whistles were produced more frequently during high surface activities ͑9.2/ min͒ than during low surface activities ͑3.9/min͒.
IV. DISCUSSION
Atlantic spotted dolphin emitted a varied repertoire of whistles simple in structure. Whistles with up to two inflections were more abundant. This is not in accordance with previous studies of free-ranging Atlantic spotted dolphins in North Atlantic Ocean. Wang et al. ͑1995͒ and Baron et al. ͑2008͒ reported that the species produced whistles with a higher number of inflection points ͑Table III͒. Wang et al. ͑1995͒ found a mean number of inflection points of 3.43 in Bahamas, and Baron et al. ͑2008͒ reported the value of 2.22 as the average in Gulf of Mexico, while we found 0.72 in southeastern Brazilian coast. These differences may be related to longer whistles reported by those authors, since they found whistles with mean values of duration 127% and 80% higher than in Rio de Janeiro coast. Differences between those characteristic whistles of Atlantic spotted dolphins from South Atlantic Ocean and other sites may be caused by adaptation to environmental conditions, social relationship, behavioral variation, as well as anatomical features related to sound production, as it has been suggested for other dolphin species ͑Steiner, 1981; Rendell et al., 1999; May-Collado et al., 2007a͒ . Another whistle character that differs from those observed in previous studies was the presence of harmonics. Our findings revealed that Atlantic spotted dolphins preferentially produced whistles without harmonics, whereas Lammers et al. ͑2003͒ reported that the majority of the whistles produced by the species had one or more harmonics in Bahamas. However, these differences should be interpreted with caution because Lammers et al. ͑2003͒ used a broadband recording system that capture more of the whistles frequency range of this species. Atlantic spotted dolphins have been shown to emit whistles within a broad frequency range ͑Wang et al., 1995; Lammers et al., 2003; Baron et al., 2008͒ . Whistles recorded in our study also had wide frequency range ͑1.15-23.44 kHz͒, revealing that the species in Atlantic South Ocean emits whistles in frequencies close to 1 kHz and higher than 20 kHz. Several odontocete species, including Atlantic spotted dolphin, emit whistles with fundamental frequency extending into the ultrasonic range ͑Lammers et al., 2003; May-Collado et al., 2007b͒ . But, in fact, the usage of whistles with fundamental frequencies above 20 kHz seems to be not usual by Atlantic spotted dolphins. Our results revealed only 4.7% of whistles with fundamental frequency higher than 20 kHz and only five whistles with fundamental frequency higher than 24 kHz. Additionally, Lammers et al. ͑2003͒ reported 27.4 kHz as the highest maximum fundamental frequency measured for Atlantic spotted dolphin, in Bahamas, but only 3.6% of all whistles had fundamental frequencies above 20 kHz.
Based on the relationship between starting and ending frequencies, Bazúa-Durán and Au ͑2002͒ suggested that Sotalia spp., Delphinus delphis, Stenella attenuata, S. clymene, S. longirostris, and Lagenorhynchus albirostris share some of the characteristics of their whistles. Considering that hypothesis, the Atlantic spotted dolphin can be included in that group since our findings showed a clear predominance of ascending whistles and the ending frequency was, on average, higher than starting frequency. However, our analysis is simple and the similarity of the whistles between Atlantic spotted dolphin and other delphinids deserves further exploration.
Variations in whistle parameters of dolphins and whistling rate related to behavioral states have been usually reported for delphinids ͑e. g. Herzing, 1996; Van Parijs et al., 2000; Bazúa-Durán and Au, 2004͒ and they seem to be related to whistle functions, which include to transmit emotional states and to coordinate dolphin activities ͑Tyack, 1998͒. Whistles produced by Atlantic spotted dolphins varied among the two behavioral states in which dolphins were engaged. When dolphins presented behaviors with fast movement at surface, prey pursuit, aerial behavior, and physical contact, the whistles were more frequently emitted and were, on average, longer and had higher frequency parameters than when animals were engaged in slowly and moderate traveling. Additionally, dolphins emitted whistles more complex in shape when engaged in high surface activities.
V. CONCLUSIONS
This is the first description of the whistles produced by Atlantic spotted dolphins in South Atlantic Ocean. Dolphins emitted whistles within a wide frequency range and some differences in signal characteristics were found in comparison to areas of North Atlantic Ocean. Additionally, dolphins modified whistle structures within behavioral states, maybe as a result of whistle communication functions.
